Fluorescence intermittency is one of the few remaining challenging problems in quantum mechanisms, and it is a significant weakness for applications in quantum information. Photoluminescence (PL) intermittency is mainly interpreted as being caused by charging and discharging of nanocrystals[@b1], where charged quantum dots (QDs) are weak emitters due to fast nonradiative Auger recombination of excitons. However, some other models that are supported by experimental results and theoretical analysis indicate that fluorescence intermittency may be triggered by random activation of nonradiative exciton traps at the surface of nanocrystals[@b2]. Researchers measured the lifetime of negatively charged cores as being of the order of tens of microseconds in nanocrystal films, and it was found that nanocrystal photoionization occurs through Auger processes[@b3]. Measurement of PL decay has provided directly the lifetime of trion emission. It was found that the lifetime of a trion is indeed longer than that of a bi-exciton and also that its radiative rate is faster than the exciton radiative rate at room temperature. The results imply a 10--15% quantum yield for trions that may be too bright for the *off* state seen in blinking[@b4]. An intermediate state was observed in the blinking of single CdSe/CdS core--shell nanocrystals. This state has a low quantum yield higher than the "*off* " state and much lower than the "*on*" state observed in the PL blinking of individual nanocrystals. The observed values of those states are consistent with photoinduced, adsorption/desorption events that take place at the surface of the nanocrystals[@b5]. The surface state results in the dim state facilitating the transition to the *off* state and an increase of nonradiative relaxation due to the formation of trion emission.

Controlling spontaneous emission from QDs by PhCs is attractive and useful. The effective control of spontaneous emission by photonic crystals (PhCs) has been extensively studied[@b6][@b7][@b8]. Spontaneous emission from QDs is strongly modified as the photonic band gap covers the QD emission wavelength range[@b9]. Interaction between high-*Q* PhC nanocavity and spontaneous emission from QDs has been exploited[@b10][@b11]. Modification of spectra was found, as well as extraction of spontaneous emission from PhCs[@b12][@b13]. PhC patterns can enhance the external quantum efficiency of spontaneous emission[@b13][@b14][@b15][@b16][@b17][@b18][@b19]. Most of the literature cited above is related to linearly excited fluorescence, and there are few reports on two-photon excited fluorescence (TPF) controlled by PhCs[@b20]. Here, the significant modification of spectra for TPF is observed and analysed, and a blue shift of the spectrum of TPF from CdSe QDs on SiN PhCs is found. This blue shift is attributed to positive trion[@b3][@b4][@b5] emission and the coupling of the emission into the leaky mode of the PhC slab[@b20]. This is the first report of the enhancement of charged exciton (trion) emission by two-dimensional PhCs. Both the spectrum and the decay process of QDs on PhCs directly demonstrate that the relative trion efficiency is higher than 10%, which is too bright for the *off* state observed in the blinking phenomenon. It has been proved that for a emitter with emission located at the photonic band, the radiative rate changes less than 20%[@b21]. PhCs provide us with a new tool to explore the photo-physics mechanism for fluorescence blinking of single emitters.

Results
=======

TPF spectra from QDs on PhCs
----------------------------

Amorphous silicon nitride (SiN) PhCs and CdSe QDs were prepared as described elsewhere[@b22]. A fabricated PhC is shown in [Fig. S1](#s1){ref-type="supplementary-material"}. We measured the spectra of TPF from CdSe/ZnS QDs on PhCs with different lattice constants (see methods). The spectra of QDs on PhCs are fitted to a Gaussian function; some fitting curves and corresponding original experimental data are shown in [Fig. S2](#s1){ref-type="supplementary-material"}. The coincidence between the experimental data and the Gaussian function differs for the different lattice constants. For lattice constants of 1250 nm and 700 nm (representing a significant blue shift), both the right- and left-hand sides of the spectra cannot be fitted well to the Gaussian function. For the lattice constant of 950 nm, the right-hand side of the spectrum fits relatively well to the Gaussian function, but on the left-hand side, there is a weak spectral peak, which is more distinct for the spectrum for the lattice constant of 1250 nm. The coincidence for the fitting of the spectra for lattice constants of 700 nm or 650 nm is worse, although their PL intensities are much lower than that for the lattice constant of 1250 nm. The spectra for lattice constants of 1500 nm or 900 nm can be fitted fairly well to the Gaussian function, and there is no obvious peak on the short-wavelength side.

The normalized spectra from the QDs on PhCs and those on blank SiN material are compared in [Fig. 1](#f1){ref-type="fig"}, which shows normalized spectra for PhC lattice constants of 1250 nm, 1000 nm, 800 nm, 750 nm, 700 nm and 600 nm, and the spectrum from QDs without PhC. The profiles of the spectra are different for PhCs with different lattice constants. Compared with the spectra from QDs on blank SiN without PhCs, the spectra from QDs on PhCs undergo a blue shift, and the shift values vary with the PhC lattice constant. The average centre wavelength of the spectrum from QDs on blank without PhC is 586.38 nm. For a lattice constant of 1250 nm, the central wavelength of the spectrum from this PhC is 582.50 nm by fitting with a Gaussian function, and the blue shift is 3.9 nm compared with the blank. For lattice constants of 1000 nm and 800 nm, the central peak wavelengths are 581.12 nm and 575.79 nm, and the blue shifts are 5.2 nm and 10.6 nm, respectively. For a lattice constant of 700 nm, the centre wavelength is 570.70 nm and the blue shift is 15.6 nm, which is the largest shift among these PhCs. To confirm the shift, the spectra of QDs in [Fig. 1](#f1){ref-type="fig"} were fitted to BiGaussian function (sum of two terms of a Gaussian function) for comparison.

The coincidence of the spectra with the single Gaussian function is not high, which may indicate that PL from QDs does not decay via a single pathway. Therefore, we fitted the spectra from QDs on PhCs to a BiGaussian function (sum of two terms of a Gaussian function), as shown in [Fig. 2](#f2){ref-type="fig"}. It can be seen that all the spectra from QDs on PhCs can be fitted well to BiGaussian functions, except those for PhCs with lattice constants of 900 nm and 750 nm, which can be fitted well to a single Gaussian function. After fitting, the spectra from QDs on PhCs can be divided into two parts, one is a long component at a long wavelength, and the other is a short component at a short wavelength. The long component is denoted as X emission, while the short component is denoted as X\* emission.

The parameters for the spectra from QDs on PhCs fitted to the BiGaussian function depend on the lattice constant, and they are shown in [Fig. 3](#f3){ref-type="fig"}. From [Fig. 3a](#f3){ref-type="fig"}, the centre wavelengths of both the X emission and the X\* emission of QDs on PhCs are shorter than those of the spectra without PhCs. As analysed above, by fitting to a single Gaussian function, the spectra of QDs on PhCs shift to the blue compared with those on the blank. The central wavelengths of both X and X\* vary with PhC lattice constant. The variation range of the centre wavelength (deviation between the maximum and minimum in the wavelength range 577.93--585.69 nm) of X is 7.7 nm, while that (in the range 446.01--578.89 nm) of X\* reaches 32.9 nm. Compared to X\*, the variation of the centre wavelength of X is relatively stable. The largest blue shift of 40.38 nm (deviation between the centre wavelength of the spectra of QDs on PhCs and that on blank) for X\* is for the lattice constant of 800 nm, where the enhancement factor is only around 4. For lattice constants of 1000 nm and 1250 nm, the enhancement factor is larger than 40 and the blue shift of X\* is only around 10.9 nm. The spectral width for X and X\* is shown in [Fig. 3b](#f3){ref-type="fig"}, where the spectral width of X\* is much broader than that of X. The spectral width of X\* is around 19 nm, while that of X is around 11 nm. The spectral widths of X and X\* are similar for lattice constants of 500 nm and 550 nm. Moreover, the overall variation tendency is that the spectral width slightly decreases with increasing lattice constant. The ratio of the X\* and X components is shown in [Fig. 3c](#f3){ref-type="fig"}. The ratio of the X component is larger than 0.5, while that of X\* is less than 0.5 but larger than 0.1. Therefore, the relative efficiencies of X\* are all larger than 10%, and the largest reaches 46.7%. The large ratios of the X component are at lattice constants of 500 nm, 550 nm and 800 nm, with values of 0.88, 0.87 and 0.85, respectively. In contrast, the corresponding ratios of the X\* component at the same lattice constants are small. To some extent, the shorter the centre wavelength of X\*, the smaller the ratio of the component of X\*. From the decay process that can be fitted to a tri-exponential function, the ratio of multi-exciton to exciton emission is about 0.25 (from the result of QDs on SiN membranes). However, in the experiment measuring TPF spectra, the detector is a CCD whose response time is longer than 1 ns; thus the detected TPF spectra do not include multi-exciton emission. From the characterization of TPF spectra, the X component is exciton emission, while the X\* component, thus the large blue shift of the TPF spectra of QDs on PhCs, is attributed to positive trion (charged exciton) emission[@b3]. Time-resolved PL experiments will demonstrate further that the short X\* component from the BiGaussian fitting is the emission from a trion. The trion state leads to a reduction in PL in nanocrystals on these PhCs. The surface state results in a dim state facilitating the transition to the *off* state and an increase of nonradiative relaxation due to the formation of trion emission[@b5]. In PhCs with different lattice constants, the local density of states (LDOS) is different, and thus the electric fields corresponding to excitation light and emission light are different. Therefore, the LDOS in PhCs will change the ionization states, and then the emission wavelength of charged exciton (trion) varies with lattice constant, as shown in [Fig. 3a](#f3){ref-type="fig"}. [Figure 3c, d](#f3){ref-type="fig"} shows that the relative efficiency of trion X\* is larger than 10% and the ratios of the component of trion X\* to that of exciton X on these PhCs are larger than 0.1, the largest ratio reaching 0.87 for a lattice constant of 1000 nm. Due to the similar emission level, the trion and the exciton may be explored as a two-photon entangled source. This ratio is much larger than that predicated by the charging model for blinking, where the trion represents the *off* state, while the exciton represents the *on* state in the charging model.

Mechanism to the asymmetry of TPF spectra
-----------------------------------------

From [Figs. 2](#f2){ref-type="fig"} and [3](#f3){ref-type="fig"}, the intensity of TPF depends on the lattice constants of PhCs, and TPF from QDs on PhCs is highly enhanced compared to that without PhCs. The enhancement mechanism is that excitation light and emission light are resonant with the leaky mode of the PhC slab[@b14][@b20]. We correlate the TPF enhancements with the presence of photonic modes near the Γ point for the peak emission wavelength of 585 nm, and note that the pump wavelength of 800 nm is resonant with the leaky mode of the PhC slab. The field enhancement is explained by considering the photonic band structure of the PhCs shown in [Fig. 4](#f4){ref-type="fig"}. Two points should be mentioned. The first is that the spectral width of the femtosecond laser is not so narrow. As measured, the full width at half maximum reaches about 10 nm. This means that as we use a femtosecond laser with a centre wavelength of 800 nm, the actual pump wavelength ranges from about 795 nm to 805 nm. The second point concerns the irradiation and collection angle of pump light and emission light, respectively. We used an objective lens with a magnification of 40×. The irradiation and collection angle is about −2.3° to 2.3°, the *k*-vector ranges from 0 to 0.04 (sin(2.3°)), which is shown by the vertical dotted line in the band structure in [Fig. 4](#f4){ref-type="fig"}. For a lattice constant of 1250 nm, the pump wavelength of 800 nm corresponds to the normalized frequency of 1.5625*a*/*λ*, and is indicated as point A at a leaky mode of the PhC slab in [Fig. 4](#f4){ref-type="fig"}. For a lattice constant of 1000 nm, the pumping wavelength of 800 nm corresponds to the normalized frequency of 1.25*a*/*λ*, and is indicated by point B at a leaky mode of the PhC slab. Therefore, the electric fields of the pump light in PhCs with lattice constants of 1250 nm and 1000 nm are significantly enhanced and the ratio of trion is large. However, there is also a leaky mode at a normalized frequency of 1.0625*a*/*λ* (*a* = 850 nm at pump wavelength of 800 nm), while the ratio of trion for the PhC with lattice constant of 850 nm is smaller. The reason is that, for lattice constants of 1250 nm and 1000 nm, there are also leaky modes in the band structure overlapping or nearly overlapping with the main emission band around 585 nm, while for the lattice constant of 850 nm, there is no corresponding mode.

To study the enhancement of the spectra of QDs on PhCs, the ratio of the PL intensity of QDs on PhCs to that on blank without PhCs is calculated (See [Fig. S3](#s1){ref-type="supplementary-material"}). For different lattice constants ranging from 1500 nm to 500 nm, the peaks of the enhancement factor are located at approximately the same wavelength, which is centred around 555--558 nm with broad spectral width. The enhancement peaks at 555--558 nm in [Fig. S3](#s1){ref-type="supplementary-material"} is attributed to the trion emission. It is difficult to find leaky modes in the band structure that meet the same peak with different lattice constants.

To demonstrate the above analysis, time-resolved PL was measured over a 50 ns time range from the same QDs on SiN membrane by using a streak scope (see methods). The spectra with an excitation power of 300 μW at delay of 0 ns integrated in a 950 ps gate (curve *F*), a delay of 1 ns at a gate of 1 ns (curve *M*), and a delay of 15 ns at a gate of 4.5 ns (curve *S*) were recorded and shown, respectively, as black, red and blue lines in [Fig. 5a](#f5){ref-type="fig"}. Curve *F* contains multi-exciton emission and single exciton, and curve *M* contains trion emission and single exciton[@b23]. By fitting the spectra to a Gaussian function, the centre wavelength of curve *S* (exciton emission) is 594.5 nm with a spectral width of 15.52 nm and the centre wavelength of curve *M* is 589.30 nm with a spectral width of 17.3 nm. From [Fig. 5a](#f5){ref-type="fig"}, the spectrum of curve *M*, thus the trion spectrum is shifted to the blue compared with that of exciton. The decay process of PL from QDs on SiN membrane is shown in [Fig. 5b](#f5){ref-type="fig"}. The green line is a fitted tri-exponential curve, where obtained lifetimes of 8.91 ns, 1.77 ns and 0.28 ns represent lifetimes of exciton, trion and multi-exciton, respectively. From the fitted amplitude in [Fig. 5b](#f5){ref-type="fig"}, the ratio of trion to exciton reaches 43%, and the relative trion efficiency is 12.8%. This result is in accordance with that obtained from the PL spectra in [Fig. 3c](#f3){ref-type="fig"}. In a previous study[@b4], by measuring the PL decay process, a 10--15% quantum yield for trion emission was obtained. Here, by studying both PL decay and PL spectra, we obtain a trion efficiency larger than 10% from CdSe/ZnS QDs on SiN membranes or on SiN PhC slabs, and the largest trion efficiency for QDs on PhCs reaches 46.7%. Moreover, from [Fig. 5c](#f5){ref-type="fig"}, as the excitation intensity increases, the M-spectrum, thus the spectrum of the trion emission shifts to the blue. The ratios of the PL intensity of curve *F* and that of *M* to that of *S* are shown in [Fig. 5d](#f5){ref-type="fig"}. The spectral intensities of curve *M* and curve *F* in the short-wavelength region are enhanced significantly compared with those of the exciton, and both ratio peaks are at around 555 nm, which is in accordance with the ratio of PL spectra from QDs in [Fig. S3](#s1){ref-type="supplementary-material"}. [Fig. S4](#s1){ref-type="supplementary-material"} shows the time-resolved TPF spectra of QDs on PhCs measured using a streak camera, where the spectrum of curve *M*, thus the trion spectrum is shifted to the blue compared with that of exciton, and the PL intensity of curve *M* (thus the trion spectrum) in the short wavelength region is much stronger than that of exciton spectrum.

Some previous reports revealed that photo-oxidation by oxygen and water molecules results in a large blue shift for CdSe/ZnS nanocrystals. However, the blue shift is not due to photo-oxidation in our study because the measurement conditions for PhCs and the blank without PhCs are the same. If this blue shift was a result of photo-oxidation, the size of the QD core would reduce, and at the same time, the PL intensity would decrease[@b24]. In contrast, we observed that the two-photon PL intensity increased with an increase in the blue shift of the spectra.

Discussion
==========

In conclusion, under two-photon excitation, the QDs absorb two-photon light and emit visible light around 585 nm. Comparison of the spectra of QDs on PhCs with those on blank material indicates that the TPF from QDs on PhCs is significantly enhanced. The electric field for the excitation wavelength is enhanced because the LDOS in the PhCs is enhanced compared with that in blank material. The enhanced electric fields of the excitation light and emission light result in both enhancements of the intensity of TPF and blue shift of the TPF spectrum. In PhCs, excitation intensity is enhanced, and under the relatively strong field of excitation light in PhCs, which will introduce the DC Stark effect[@b25], the charged exciton emission is generated. Moreover, due to the two-photon excitation energy being above the band gap of CdSe, the optical Stark effect[@b26] may also take effect. Therefore, the blue shift of TPF spectra of QDs on PhCs is mainly attributed to charged exciton (trion) emission. It has been proved that for emitters in PhC membranes, the lifetime of emission in the photonic band region is similar to or only decreases to approximately 80% of that of the blank material without PhCs[@b21]. PhC membranes will not decrease much the emission lifetime of QDs directly, but the PhCs enhance the excitation intensity, the trion and multi-exciton emission efficiency. Therefore, the enhancement of trion emission is mainly due to the change in QD microscopic structure and decay path of PL. The time-resolved experiments demonstrate further that the blue shift of spectra of QDs on PhCs mainly arises from charged exciton (trion) emission. On some PhCs, the ratio of trion to exciton reaches 0.87, which means that the charging model is not suitable here, and the enhancement is due to the trion emission coupling to the leaky mode of the PhC slab. Therefore, the model of the mechanism for blinking on PhCs should combine the charging model with the enhancement effect of PhCs. This means that PhCs enhance the trion PL intensity and also modify the spectrum. This process is believed to be caused by the enhancement of the electric field introduced by the charge separation between the charge in the nanocrystal core and that of the surface states. PhCs enhance the Auger-assisted trapping efficiency of electrons/holes to surface states, and then enhance the efficiency of charge separation and generation of DC electric field that modifies the trion spectrum. Therefore, PhCs enhance the DC Stark effect created by charge separation, and the different DC Stark effect in PhCs results in different trion emission intensity and emission wavelength.

TPF from CdSe/ZnS nanocrystals on PhCs undergoes a blue shift when compared with that without PhCs. The maximum blue shift of the TPF spectra is 40 nm. The largest ratio of the trion to exciton components reaches 87%, and the high efficiency of the trion may make it possible to explore excitons and trions as a two-photon entangled source. The blue shift and enhancement of the TPF PL intensity are due to coupling of pump light and TPF emission to the leaky modes of the PhC slab. The asymmetry of the PL spectra from PhCs with different lattice constant is due to combined effect of enhancement from PhCs and trion emission from colloidal QDs. The strong electric field of the pump light and TPF in the PhCs results in an enhancement of the Auger-assisted trapping efficiency of electrons/holes to surface states, and the efficiency of charge separation and generation of a DC electric field, and then positive trion emission takes place. This phenomenon indicates that trion emission and blinking of colloidal nanocrystals depend on the environment; combining the charging model and PhC enhancement effect can explain the blinking phenomenon of QDs on PhCs. Therefore, we deduced that a model for QDs blinking should include Auger process and Auger-assisted surface recombination.

Methods
=======

In the measurement of TPF from colloidal QDs, a femtosecond laser with a pulse width of around 80 *fs*, repetition frequency of 80 MHz and wavelength of 800 nm was focused onto the sample with a 40× objective lens at room temperature. The TPF was collected by the same objective lens in the vertical direction. The average excitation power before the objective lens was 56 mW. The emission light was collected into a spectrometer equipped with a silicon CCD (Hamamatsu).

Time-resolved PL was measured over a 50 ns time range from the same QDs on SiN membrane by using a streak scope (Hamamatsu). A femtosecond laser with a pulse width of 120 *fs*, repetition frequency of 1 kHz and wavelength of 800 nm is focused by a 20× objective lens. The sample was colloidal CdSe QDs on a SiN film. The average excitation power before the objective lens was 300 μW.

Two-dimensional photonic crystals on SiN membrane were fabricated by electron beam lithography and reactive ion etching[@b22]. The thickness of SiN film was 160 nm SiN film, which was deposited on a silicon substrate using plasma-enhanced chemical vapor deposition. The refractive index of the SiN material was 1.99. The lattice constants ranged from 400 nm to 1500 nm. After dry etching, the silicon under SiN membrane was removed by HNA (HF:Nitric:Acetic) mixture to form a free-standing structure. The colloidal quantum dots were casted onto the surface of SiN photonic crystals.

Fitting of the spectra was done using Origin 8.0 software. To investigate the physical mechanism behind the asymmetry of the PL spectrum, the measured spectrum was fitted to a BiGaussian functionwhere *A*~l~ and *A*~s~ are the amplitudes of the two Gaussian components, *ω*~l~ and *ω*~s~ are the spectral widths, *c*~l~ and *c*~s~ are the centre wavelengths, and *y*~0~ is the relative amplitude.
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![The TPF spectra from QDs on PhCs and blank.\
Normalized TPF spectra from QDs on PhCs with lattice constants of 1250 nm, 1000 nm, 800 nm, 750 nm, 700 nm and 600 nm, compared with that from QDs on blank SiN; the spectrum from the blank is averaged from four spectra of QDs in different positions of blank SiN without PhCs. The values represent the lattice constants; "blank" means the SiN membrane without PhC.](srep03228-f1){#f1}

![Spectra from QDs on PhCs fitted by BiGaussian functions.\
The PhC lattice constants are (a) 1250 nm, (b) 700 nm, (c) 800 nm and (d) 500 nm. The spectra are measured at the same excitation intensity. The black lines are the TPF spectra measured from QDs on PhCs, and the green lines are the fitting lines of BiGaussian functions.](srep03228-f2){#f2}

![The parameters from the spectra fitted by BiGaussian functions for different PhC lattice constants.\
(a) Centre wavelength of spectra fitted to a BiGaussian function of QDs on PhCs with different lattice constants, where *c*~l~ and *c*~s~ are the centre wavelengths of the long and short components, respectively. Integrated enhancement factor for different lattice constants is shown. Dotted line represents the centre wavelength of spectrum on SiN film without PhCs. (b) Spectral width. (c) Ratio of X and X\* components. These ratios represent the relative emission efficiency of X and X\*. (d) Ratio of X\* to X.](srep03228-f3){#f3}

![Band structure of the PhC.\
The blue spots A (1.5625*a*/*λ*), B (1.25*a*/*λ*) and C (1.0625*a*/*λ*) correspond to the leaky modes of the PhC slab with respective lattice constants of 1250 nm, 1000 nm and 850 nm at an excitation wavelength of 800 nm.](srep03228-f4){#f4}

![TPF spectra and the decay process of QDs on SiN material measured using a streak camera.\
(a) Time-resolved PL under 300 μW excitation over 50 ns. Curve *F* at delay 0 ns, integrated in 950 ps, curve *M* at delay 1 ns gate 1 ns and curve *S* at delay 15 ns gate 4.5 ns, respectively. (b) Decay process of QDs on SiN membrane, corresponding to the PL in a. (c) Time-resolved spectra at delay 1 ns gate 1 ns (curve *M* in a) at different excitation intensities under 800 nm femtosecond laser excitation. (d) Ratios of curves *F* and *M* to *S*.](srep03228-f5){#f5}
